Clinics in Orthopedic Surgery • Vol. 3, No. 1, 2011 • www.ecios.org throsis due to cervical instability, 14, 15) and adjacent segment degeneration due to the loss of lordosis. 16, 17) The purpose of this study is to evaluate the incidence and risk factors of nonunion and subsidence after ACDF using a stand-alone PEEK cage by performing a radiological analysis.
METHODS
One-or two-level ACDF using a stand-alone PEEK cage (Solis ® , Stryker Spine, Allendale, NJ, USA) and an autologous cancellous iliac bone graft was performed on 51 patients (63 segments) with degenerative cervical disc disease, including cervical myelopathy and radiculopathy, between June 2003 and August 2008. Of them, 38 patients (47 segments) were enrolled in this study. The exclusion criteria were ≤ a 12 month follow-up period, C7-T1 fusion (insufficient for precise radiological evaluation), anterior fusion on the adjacent segments and additional posterior decompression. The mean age of the patients was 52 years (range, 34 to 75 years). There were 20 males and 18 females. The mean follow-up period was 23.1 months (range, 12 to 57 months). The preoperative diagnosis was radiculopathy in 26 patients and cervical myelopathy in 12. There were 27 one-level fusions and 20 two-level fusions. The two-level fusion involving C7-T1 level in two patients was classified as two-level fusion, but only one segment other than C7-T1 was included in the analysis. There were 2 segments of C3-4 fusion, 6 segments of C4-5 fusion, 28 segments of C5-6 fusion and 11 segments of C6-7 fusion.
Operative Technique
The surgical site was exposed via a standard anterior approach 2) and microscopic anterior cervical discectomy was performed. Cartilage was removed with care to avoid damaging the cortical bone of the vertebral endplates. The posterior longitudinal ligament was opened and decompression was carried out. The appropriate cage size was then determined under fluoroscopy guidance. Anterior cervical fusion was performed using a PEEK cage filled with cancellous bone obtained from the anterior iliac crest through a minimal incision. The height of the cage was 6, 7, 8, and 9 mm in 8, 28, 8, and 3 segments, respectively. The anteroposterior (AP) diameter of the cage was 12 and 14 mm in 21 and 26 segments, respectively.
Radiological Evaluation
MRI scans were obtained before surgery and the AP and lateral plain radiographs were obtained before surgery, immediately after surgery, at 6 weeks, 3 months, and 6 months after surgery and the last follow-up. Flexionextension lateral views were also obtained from 3 months after surgery. The anterior segmental height (ASH), posterior segmental height (PSH) (Fig. 1A ) and cage distance (CD: the distance from the anterior edge of the upper vertebra to the anterior margin of the cage) (Fig. 1B) were measured on the radiographs. The ratio of the AP diameter at the middle of the upper vertebral body on the radiographs to that on the MRI scans was used to correct for the magnification difference of each image (Fig. 1C) . The ASH and PSH values were used to assess the anterior/posterior intraoperative distraction and the anterior/ posterior subsidence. The ASH/PSH was measured as the distance between the anterior/posterior margin of the upper end plate of the upper vertebra and the anterior/ posterior margin of the lower end plate of the lower vertebra. The anterior/posterior intraoperative distraction was The patients with ≥ 2 mm subsidence were classified as the subsidence group. Segmental lordosis was measured using Cobb's method to assess the sagittal alignment (Fig. 1D) . The increase in lordosis from before surgery to immediately after surgery and the decrease in lordosis from immediately after surgery to the last follow-up were recorded.
Nonunion was defined as the appearance of segmental instability with ≥ 2 mm widening of the interspinous distance on the flexion-extension lateral views at the last follow-up.
Radiological assessments were performed by an independent orthopedic surgeon on two occasions with using two PACS digital software systems: a Marosis 5.0 PACS viewer (Marotech, Seoul, Korea) and an Impax CS 5000 (Agfa-Gevaert, Mortsel, Belgium).
Statistical Analysis
The risk factors for cage subsidence were assessed using logistic regression analysis. The decreases of segmental lordosis in the subsidence and nonsubsidence groups were analyzed using independent t-tests. The risk factors for nonunion were analyzed using nonparametric tests: the chi square test and Fisher's exact test for the categorical variables and the Mann-Whitney U test for the continuous variables. All the statistical analyses were conducted using SPSS ver. 17.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was set at p-values < 0.05 with a confidence interval of 95%.
RESULTS

Cage Subsidence and the Risk Factors
The mean loss of ASH and PSH was 1.33 ± 1.46 mm and 0.81 ± 1.27 mm, respectively, from immediately after surgery to the last follow-up and 0.44 ± 1.42 mm and 0.06 ± 1.34 mm, respectively, from before surgery to the last follow-up (Table 1) . Cage subsidence of ≥ 2 mm and ≥ 3 mm occurred in 12 (25.5%) and 7 (14.9%) of the 47 segments, respectively. Among the segments with ≥ 2 mm subsidence, anterior subsidence only and combined anterior and posterior subsidence was observed in 5 segments (42%) and 7 segments (58%) of the 12 segments, respectively, and posterior subsidence only was not noted in any of them. The expected risk factors were gender, the AP diameter of the cage, the cage distance, the intraoperative anterior distraction and the intraoperative increase of segmental lordosis. Of them, the AP diameter of the cage and the intraoperative anterior distraction had statistically significant effects on subsidence: the use of 14 mm-diameter cages led to a significantly less risk for subsidence than did using 12 mm-diameter cages (p = 0.034; odds ratio [OR], 0.017) and larger intraoperative anterior distraction resulted in a significantly greater risk for subsidence (p = 0.041; OR, 3.988) ( Table 2) .
Loss of Segmental Lordosis
The loss of segmental lordosis from immediately after surgery to the last follow-up averaged 1.58° ± 3.68° and it was ≥ 3° in 14 segments (29.8%). The mean loss from before surgery to the last follow-up was 0.99° ± 4.81° (Table 1) . The mean loss of segmental lordosis from immediately after surgery to the last follow-up was 5.67° ± 2.95° in the subsidence group, which was significantly higher com- 
Intervertebral Nonunion and the Risk Factors
Nonuninon was observed in 7 segments (14.9%). A statistically significant difference between the union and nonunion groups was found only for the number of fused segments (p = 0.001) and not for the other surgical conditions or radiological parameters. Nonunion did not occur in the 27 segments after one-level fusion (0%) whereas it occurred in 7 (35%) of the 20 segments after two-level fusion (p = 0.001). The incidence of subsidence was higher in the 
DISCUSSION
ACDF using an intervertebral cage has become a popular alternative to prevent the complications of the classic method using a autologous tricortical iliac bone graft [3] [4] [5] [6] 18) and anterior cervical plating, including screw loosening, screw breakage, screw migration and soft tissue injuries. [19] [20] [21] ACDF using an intervertebral cage is credited with promoting instant stability, restoration of the neural foraminal height and interbody fusion by providing an environment for bone growth. 10, 14, 22) However, recent studies have shown that cage subsidence is a major complication of ACDF using stand-alone cages regardless of the composite materials (Table 3) . 7, 8, [10] [11] [12] [13] 15, 23, 24) PEEK cages are currently the most preferred. Compared with titanium and carbon fiber cages, PEEK cages are more biocompatible 25) and radiolucent, which allows for precise radiological evaluation of bony union. In addition, PEEK cages are expected to result in lower subsidence rates than that with using metal cages because their modulus of elasticity is similar to that of bone. 26) However, various degrees of subsidence have been reported after ACDF using stand-alone PEEK cages (Table 3 ). This can be partly attributable to the errors from measurement methods and the magnification differences on radiographs. Based on the report that ≤ 2 mm cage subsidence into the vertebral body can occur during the bone remodeling process after ACDF using cages, 10) the segments with ≥ a 2 mm decrease in the anterior or posterior segmental height were classified as the subsidence group in this current study. Considering that ≥ a 3 mm [11] [12] [13] 15, 23) decrease, as well as ≥ 2 mm 7,10,24) decrease, has been used as a criterion for subsidence in many studies, we recorded ≥ 2 mm subsidence (minor subsidence) and ≥ 3 mm subsidence (major subsidence) separately for comparisons with other studies. The segmental height, including the upper and lower vertebral bodies, was measured to assess subsidence instead of measuring the intervertebral disc space height to reduce measurement errors. Indeed, owing to bone formation in the endplates around the cage, adjacent endplates are difficult to identify clearly and a reduction in the distance between endplates may not be distinguishable from subsidence. 7, 15, 18, 23, 24) With regard to methods to eliminate magnification errors on the radiographs, the ratio of the segmental height to the AP diameter of the vertebral body can be used 5) or the ratio of the AP diameter of the verteberal body on MRI scans to that on radiographs can be calculated to correct for the segmental height, 7, 15) as was done in this study. As a result, ≥ 2 mm subsidence and ≥ 3 mm subsidence was observed in 25.5% and 14.9% of the total segments, respectively. Anterior subsidence only and combined anterior and posterior subsidence occurred in the majority of the subsidence segments and posterior only subsidence was rare, as was reported in other studies.
Cage subsidence is a concern in that the decrease of the foraminal volume, cervical spine instability and loss of segmental lordosis can lead to adjacent segment degeneration. [14] [15] [16] On the contrary, Schmieder et al. 12) reported that the height of the foramen was well maintained among the subsidence cases and the occurrence of kyphosis was ei- ther rare or it did not result in notable clinical differences. However, in this study, the segmental height at the last follow-up was even lower than the preoperative segmental height in the subsidence group when it was insufficient immediately after surgery, indicating the possibility of the decrease of the foraminal volume due to subsidence. Furthermore, kyphosis was noted in 67% of the subsidence group at the last follow-up and the loss of segmental lordosis in the subsidence group was significantly higher compared to that of the nonsubsidence group, indicating the possibility of progression of adjacent segment degeneration due to subsidence. The risk factors for cage subsidence have been statistically analyzed in a few previous studies. The logistic regression analysis by Bartels et al. 10) showed that the incidence of cage subsidence was significantly higher for C6-7 fusion level than that for the other fusion levels. Barsa and Suchomel 23) reported that the distance from the anterior rim of the upper vertebra to the cage was significantly larger and the contact surface ratio of the cage versus the endplate was significantly smaller in the subsidence group. The expected risk factors included in our logistic regression analysis were also among a variety of major ones described in the literature. Proper surgical preparation of the upper and lower endplates to reduce bone structure damage was not included because the amount of damage of the bony structure could not be assessed on plain radiographs. Vertebral body bone density was excluded as well because it was difficult to measure this in all the patients. Instead, gender was included, which allowed us to estimate the impact of bone density in older-age women with osteoporosis.
10) The distance from the anterior edge of the upper vertebra to the anterior margin of the cage was included as an expected risk factor based on the report of Barsa and Suchomel 23) that the anterior vertebral osteophyte provides biomechanical support to the interbody cage and the distance from the cage to the anterior vertebral rim was correlated with the incidence of subsidence. The results of the analysis showed that the ratio of the AP diameter of the upper endplate to the diameter of the cage had no statistically significant correlation with the incidence of subsidence (Pearson's correlation coefficient, 0.22) and there was also no significant difference between the subsidence and nonsubsidence groups when comparing the means (p = 0.188). The contact surface ratio of the cage versus the endplate was not included in the analysis because precise measurement of the width of the endplate was difficult to obtain on the plain AP radiographs. Instead, the absolute values of the AP diameter of the cages (14 mm vs. 12 mm) were examined on the risk factor analysis. The results showed that the risk of subsidence was significantly lower when a 14 mm-diameter cage rather than a 12 mm-diameter cage was used and when the anterior intraoperative distraction was smaller (Table 2) . Accordingly, the contact surface between the cage and the vertebral body, and the anterior intraoperative distraction were confirmed as the risk factors for cage subsidence. Therefore, it is recommend to use a cage with a large AP diameter, to perform interbody distraction prior to anterior longitudinal ligament resection with using caution to avoid over-distraction and to choose a cage with a proper height in order not to have to apply excessive force during cage insertion. 10) Intervertebral union was observed in ≥ 90% of the cases after ACDF using stand-alone cages in most of the previous studies, except for the 6-month follow-up study of Kast et al. 7) (Table 3) . However, the union rates of the previous studies might have been overestimated due to measurement errors. Indeed, accurate assessment of the bone bridge formation on radiographs and precise angular measurement of motion on the flexion-extension lateral radiographs are difficult to achieve. It is desirable to assess both the bone bridge formation on CT scans and the stability on the flexion-extension lateral radiographs. Unfortunately, it is not feasible to perform CT scans on all patients. Based on the report that the interspinous distance was more reliable in terms of reproducibility and accuracy than the Cobb angle on the flexion-extension lateral radiographs, the segments with ≥ a 2 mm difference of the interspinous distance on the flexion-extension lateral radiographs were classified as nonunion, 27) which was found in 14.9% of the total segments in our study. The risk factors for nonunion were evaluated by comparing the union and nonunion groups using nonparametric tests. The number of segments in the nonunion group was not sufficient for logistic regression analysis. A significant difference was found in the number of fused segments, that is, one-level fusion vs. two-level fusion (Fisher's exact test, p = 0.001). The incidence of nonunion was 0% and 35% after onelevel fusion and two-level fusion, respectively, indicating a significantly higher rate of nonunion in two-level fusion (Fisher's exact test, p = 0.001). Van Jonbergen et al. 13) reported that union was achieved in all cases at the sixth postoperative month after one-level, two-level, three-level and even four-level fusions. However, our results revealed that more caution should be taken to prevent nonunion during two-level fusion than that during one-level fusion.
This study evaluated the radiological findings regarding subsidence and nonunion after ACDF using a stand-alone PEEK cage. Future studies need to examine the relationships between the radiological findings and the
